from shearing forces; open wounds may preclude mobilization during treatment and healing [16, 17] . Inactivity during bedrest results in bone loss, with increased calcium excretion, altering electrolyte balance needed for normal muscle function [18] . Insulin sensitivity is decreased, and hyperglycemia results when skeletal muscles are at rest [4] . Immobilization can result in joint contractures and peripheral nerve injury [19] . Changes in the autonomic and cognitive nervous systems can occur with prolonged bedrest, making mobilization hazardous [20] .
Although the effects of bed rest and inactivity have been investigated systematically for more than 40 years, the physiological causes of adverse outcomes are not clear. It is believed to be a combination of several factors, including the inflammatory cascade. In at least two chronic diseases, heart failure (HF) and chronic obstructive pulmonary disease (COPD), skeletal muscle wasting is a common concurrent clinical finding. Low-grade chronic inflammatory dysregulation, not deconditioning, in HF and COPD appear to contribute to myopathy [21, 22] . Inflammatory dysregulation also is thought to contribute to muscle loss in elders [6] .
This article describes the role of two proinflammatory processes that contribute to muscle dysfunction. Activity is explored as a process that influences inflammatory regulation and muscle function. The utility of activity and mobility therapy for ICU patients, especially nonsurgical patients, is not well-established [23] .
Inactivity and muscle dysfunction
Deconditioning is defined as the multiple changes in organ systems that are caused by inactivity [24] . Heart, lung, and muscle deconditioning have been studied extensively. In normal, healthy subjects, there are immediate neuromuscular effects related to inactivity. For example, within 4 hours of bed rest, muscles deteriorate [3] . Sarcomeres are reduced, shortening muscle fibers and total muscle length. There is a loss of contractile force resulting in decreased strength. With a daily loss of 1.3% to 3% of muscle strength during immobility, a 10% reduction in postural muscle strength can occur after 1 week of complete bed rest in healthy volunteers [25] . Deconditioning can lead to disuse syndromes that are difficult to reverse. For example, contractures can begin to form after 8 hours of immobility. Inactivity has direct effects on skeletal muscles. It also affects other systems, contributing to myopathy.
Changes in skeletal musculature, specifically quadriceps strength, have been associated with reduction in lung function [26] . Inflammatory disease can cause diaphragmatic contractile dysfunction, contributing to respiratory failure [27] . Diaphragmatic endurance also can be reduced by unloading or resting the diaphragm during prolonged mechanical ventilatory support [27, 28] . Diaphragmatic changes in strength or endurance from myopathic changes caused by inflammation and deconditioning may contribute to prolonged mechanical ventilation in ICU patients.
Bed rest over 48 hours in healthy volunteers results in decreased perfusion and risk for hemodynamic instability with posture changes through decrements in plasma volume, electrolyte loss, and heart rate and blood pressure changes that occur within 48 hours of bed rest [18] . These changes in blood flow and perfusion can impair circulation and put skeletal and smooth muscles at risk for ischemia and injury. Even passive movement, as with range of motion, is thought is improve circulation locally and systemically [29] .
There are important bidirectional interactions between the autonomic nervous system and cellular signaling [30] . The parasympathetic system has been identified as a promoter of anti-inflammation [31] . Stimulation of the efferent vagus nerve can inhibit inflammation [32] . It may be that inactivity contributes to inflammation by decreasing vagus nerve activity through altering respiratory patterns and the absence of abdominal and gluteal muscle contractions.
Bed rest is a subtle form of sensory deprivation that can alter mood and anxiety as well as sleep patterns. Anxiety, hostility, depression, and disturbed sleep patterns have been demonstrated in studies of normal, healthy men during several weeks of bed rest [33] . These changes may contribute to delirium and exacerbation of dementia in the ICU. Hospitalized patients who are confused and agitated are more likely to be sedated and restrained, contributing to immobility and subsequent complications [34] .
Skeletal muscle dysfunction is linked to a subjective sensation of fatigue [35, 36] . For example, cytokines mediate sickness syndrome, characterized by fatigue and malaise [37, 38] . Even among healthy individuals, fatigue can lead to self-limitation of activity and mobility [6] . The subjective sense of fatigue may contribute unwillingness to participate in rehabilitative interventions, prolonging bed rest and promoting deconditioning and a cycle of fatigue and inactivity.
Thus, inactivity can have multiple direct and indirect effects on musculature with implications for the patient in the ICU. There direct effects related to disuse and deconditioning and indirect effects from alterations in ventilation, circulation, the central nervous system (including autonomic and cognitive changes) and feeling of fatigue. Among hospitalized patients, especially elderly patients, loss of function results in discharge to longterm or rehabilitative care, adding to the physical, emotional, and economic costs of a life-threatening illness [25, 39, 40] . The mechanisms leading to muscle decay from inactivity are not understood completely. Two interactive molecular pathways have been implicated: oxidative stress and selected inflammatory cytokines. These mechanisms are described in the next section.
Oxidants, cytokines, and myopathy
Some evidence suggests that inactivity can contribute to imbalances in the inflammatory response [41, 42] . Both oxidative stress and proinflammatory cytokines have been investigated as potential causes for myopathy during acute and critical illness. It may be that there is a synergy between oxidative stress, inflammatory cytokines, and inactivity such that atrophy is accelerated or compounded. If true, then there are important implications for clinicians in terms of preventative and rehabilitative interventions. The role of oxidative stress and selected cytokines on musculature has been studied in the laboratory and in animal models; supportive data also link activity to changes in inflammatory cellular messengers in healthy patients.
Oxidative stress influences muscle dysfunction and degradation
Reactive oxygen species (ROS) and nitric oxide (NO) are capable of causing oxidative damage to DNA, lipids, and proteins. Oxidants mediate various processes that contribute to inflammatory damage to the muscles.
Examples of ROS include superoxide ion (O 2

À
) and hydroxyl radicals (OH À ). Critically ill patients are vulnerable to synthesis of excess oxidants and reduced levels of chemicals that metabolize oxidants.
Oxidative stress, also known as increased oxidant burden, is thought to play a role in the pathophysiology of muscle dysfunction [43] [44] [45] . ROS react with the lipids in myocyte cell membranes. Lipid peroxidation, in turn, releases toxins and arachidonic acid derivatives that can damage cell membranes further, inactivate membrane receptors and membrane-bound enzymes, and alter ion channel responses. In myocytes, this degradation process also leads to modification of numerous intracellular signaling pathways in vitro, including activation of the nuclear factor kappa-b (NF-kB) pathway [46] . Products from cellular destruction by ROS provide a positive feedback loop, generating more ROS [47] . At the same time, ROS interact with cytokines and other intercellular molecules associated with muscle degradation [48, 49] . In addition, ROS appear to stimulate central and peripheral sympathetic nervous systems in both tissue and animal models, contributing to autonomic dysfunction [50, 51] .
NO and its derivatives also are formed in the contracting muscle by the enzyme NO synthase (NOS). At low rates, NO regulates intra-and intercellular signaling. Inflammatory stimuli can stimulate expression of inducible NOS (iNOS) by muscle cells, adding to oxidant burden [52] . NO also enhances intravascular blood flow through vasodilation and may have a role to play in reducing muscle fatigue by improving blood flow [27] .
There is a strong link between oxidant stress and contractile function in skeletal muscles. Muscles are a source of oxidant synthesis, especially during exercise [53] . Both ROS and NO are necessary for normal skeletal muscle contraction. Under basal conditions, low levels of ROS and NO enhance contractile force [54] . During fatiguing exercise, contractile force is reduced by ROS. During mechanical unloading as with mechanical ventilation, there is an experimental increase in oxidant production [55] . The phenomenon of mechanical loading may help explain why daily weaning is useful in weaning success; the weaning trial reverses the effects of mechanical unloading during ventilatory support. Importantly, the depletion of ROS also depresses contractile force [27] . It also may be that therapeutic mobility, mechanical loading, is beneficial to contractile regulation in skeletal muscles if it promotes synthesis of beneficial levels of oxidants needed for cellular signaling and maintenance of myofilament structure.
Antioxidant scavengers and enzymes such as superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPX) reduce oxidants by combining with them. Antioxidants are reduced during disease states common to ICU patients such as COPD, acute lung injury, atherosclerosis, and acute renal failure [43, 56, 57] . These antioxidants are produced by skeletal muscles [53] . Repetitive training can increase antioxidant synthesis and activity in cells and healthy people [58, 59] .
Selected cytokines influence muscle dysfunction and degradation
Several cytokines have received attention as potential biomarkers of critical illnesses and adverse outcomes. Several of these cytokines overlap with investigations in exercise-activity physiology. Cytokines with importance to both critical illnesses and in exercise/activity are tumor necrosis factor a (TNF-a) and interleukins (IL) -1, -6, and -10.
Any cell with a nucleus can produce TNF-a. Along with ROS, TNF-a induces NF-kB, promoting skeletal muscle degradation. Direct exposure to TNF-a results in decreased muscle cell contraction in the laboratory [60] . In a model to explain cachexia, Reid and Li [44] suggested the interaction between ROS and proinflammatory cytokines like TNF-a are synergistic, perhaps indicative of a pathological positive feedback loop, which downregulates repair of damaged muscle tissue. Thus, it is not simply direct suppression of muscle activity that leads to dysfunction in the presence of TNF-a, but a decrement in repair and/or increment in apoptosis that results in cytokine-mediated muscle decay. In healthy individuals, increments in TNF-a are variable in response to exercise [61] [62] [63] . There is some indication that TNF-a is highest when oxidative stress is present during exercise [62] . Serum TNF-a also reduces the levels of some antioxidants in skeletal muscles [44] .
IL-1 is a superfamily with four related ligands: IL-1a, IL-1b, IL-18, and IL-1Ra (receptor antagonist). IL-1Ra acts as an inhibitory molecule, antagonizing the inflammatory effects of IL-1. IL-18 contributes to the induction of reactive oxygen species, TNFa, and other pro-inflammatory molecules, including interferon gamma. The biologic actions of Il-1a and IL-1b are similar, but only IL-1b is secreted vascularly; it is more likely to mediate systemic inflammation [64] . Like TNF-a, IL-1b is an upstream proinflammatory cytokine, stimulating the synthesis of various factors including enzymes that produce prostaglandins, adhesion molecules, NO, and ROS [65] . In health, spontaneous production of IL-1b is nearly nonexistent [64] . In the presence of strenuous exercise in athletes, plasma IL-1b values have been reported to increase and to decrease [61, 66] . One interesting finding in a study of human patellar fibroblasts stimulated by IL-1b suggests that small-magnitude stretching is anti-inflammatory (with reduced cyclooxygenase and prostaglandin synthesis under the influence of IL-1b), whereas large-magnitude stretching was proinflammatory with increased levels of inflammatory products stimulated by IL-1b [67] . In cell cultures of chondrocytes, cyclic tensile strain of a low magnitude antagonizes TNF-a and promotes IL-10, indicating that small-to-moderate stretch may promote anti-inflammation response in articular cartilage [68] . In this same laboratory, high levels of strain increased inflammation [69] .
IL-6 has a wide range of biologic activity [70] . IL-6 is synthesized by immune cells and by skeletal muscle cells, adipocytes, endothelial cells, and intestinal epithelial cells [71] . Similar to TNF-a and IL-1b, IL-6 is released early in the inflammatory cascade. Unlike TNF-a, IL-6 increases myosin and appears to have a role in maintaining myocyte energy supply during exercise [72] . Muscle contraction induces the production and release of IL-6 into the plasma in large amounts, up to a 100 fold increase over baseline values in various human studies [61] . The synthesis of IL-6 from exercise is independent of production from the TNF-a pathway [61] . During exercise, IL-6 also is synthesized and placed into circulation by peri-tendon and adipose tissues. Even brief, low-intensity exercise of a small muscle groupdunilateral wrist flexion for 10 minutesdin healthy young adults dramatically increased IL-6 systemically (þ139%, þ/À 51%) [73] .
In addition to proinflammatory properties, high levels of IL-6 act to stimulate the appearance of anti-inflammatory cytokines in plasma, including IL-10 and IL-1Ra [74] . Muscle-derived IL-6 reduces TNF-a production, interrupting the muscle degradation by means of myosin destruction. Suppression of proinflammatory cytokines with IL-6, especially the powerful IL-1b and TNF-a, may benefit critically ill patients. In one study of untrained but healthy women (average age of 37 years), walking for 30 minutes at submaximal effort increased IL-6 immediately after exercise, with a return to baseline 1 hour after ambulation [75] .
IL-10 is an anti-inflammatory cytokine, originally identified by its ability to turn off cytokine production by T cells. Investigations have shown that IL-10 inhibits synthesis of IL-1b, IL-6, TNF-a, reactive oxygen intermediates, and other proinflammatory factors, suppressing multiple immune responses through individual actions on several cell types [76] . After exercise, high circulating levels of IL-6 are followed by increased production of IL-10 [61] . IL-10 is increased in plasma even after a single bout of limited exercised30 contractions of elbow flexors in untrained, healthy males [77] . Prolonged, strenuous activity in healthy males resulted in an immediate 27 fold increase in IL-10 [66] .
Investigations of healthy men and women suggest that exercise causes anti-inflammation by inducing both IL-10 and IL-6 and inhibiting TNF-a and IL-1b. The cellular messengers, IL-6 and IL-10, are implicated in maintaining muscle function in stretch and some types of exercise. Although low levels of exercise induce ROS, the amount of ROS may not be damaging. Repetitive exercise can improve levels of antioxidant scavengers in muscles over time. Clinically, training and rehabilitation in cardiac and pulmonary disease promotes function, even among the frail elderly population [78] [79] [80] .
Oxidants, cytokines, and activity
There are few published data about the effect of exercise activities on oxidants or cytokines in critically ill patients [10] . Some clinicians may believe that ICU patients may not be able to perform activity or mobility therapy at sufficient intensity to produce effects locally (ie, within the muscle) or systemically. Yet studies of healthy adults suggest that low and moderate levels of activity produce measurable physiological changes measured in muscle biopsies and plasma values. In the ICU population, demonstrating similar changes will be challenging. Data from studies of patients with chronic inflammatory diseases such as heart failure (HF), COPD, and rheumatoid arthritis provide information that activity is beneficial and does not exacerbate inflammation. These studies are summarized.
One pilot study examined the changes of plasma cytokines in hemodynamically stable patients who experienced an average of 10 days of mechanical ventilation. Data suggested that 20 minutes of sustained activity in bed (repositioning and range of motion activities) did not alter plasma levels of IL-6 or IL-10 [81] . This sample was small (n ¼ 10) and focused on chronically, critically ill adults, so findings may not be applicable to all ICU adults.
Several studies have examined the influence of activity on serum cytokines in the presence of HF. At baseline and after 6 months, serum samples and vastus lateralis muscle biopsies were obtained. Exercise training in 10 patients who had HF reduced the skeletal muscle expression of TNF-a, IL-1B, IL-6, and inducible NOS (iNOS), while serum levels of the cytokines remained unchanged [82] . In another study, 24 patients who had stable HF participated in a 12-week program of physical training in a randomized, crossover design. Physical training produced a reduction in plasma TNF-a and IL-6 at the end of 12 weeks of training [83] . In this study, no significant reduction in cytokines was found after similar physical training of normal controls. In a third study, 15 men who had stable HF underwent aerobic exercise training for 12 weeks. At the end of the program, subjects experienced a decrease in plasma IL-6 and a trend toward increased skeletal muscle fiber thickness compared with values at the beginning of the program [84] . A fourth study demonstrated reductions in TNF-a and IL-6 in HF subjects over 6 weeks, while another study indicates no change in the same two cytokines after 4-month endurance training in similar HF subjects [85, 86] . One study demonstrated increased gene expression for antioxidative enzymes after physical training in HF patients without concurrent increase in NO or prostaglandins in intravascular cells [87] . This series of studies, along with data from healthy controls who exercise [88] , indicates that physical training over time does not exacerbate proinflammatory cytokines in patients who have HF.
In a related study, 28 patients with coronary artery disease were followed over a 12-week aerobic rehabilitative program. Training resulted in a decrease in IL-1b and IL-6 by about 30% and an increase in IL-10 by over 50%. These changes were accompanied by a reduction in C-reactive protein, with a 46% reduction in the number of subjects in a high-risk category for adverse cardiac advents [89] . Low levels of IL-10 predict decreased activity and increased angina in patients who have unstable angina, but it is not clear whether low activity causes low IL-10, or whether low IL-10 results in decreased activity [90] .
Among studies of patients who have COPD, exercise and training have demonstrated an ability to alter oxidant burden. In one study, the antioxidant citrate synthase in the vastus lateralis was increased at the end of a 12-week endurance program for patients who had moderate COPD [91] . Other studies have not confirmed an increase in antioxidant formation as a result of structured exercise. In two studies of COPD patients, initially and immediately after exercise, oxidant stress was increased when glutathione peroxidase did not increase [92, 93] . The study protocols, however, were not clear in whether plasma oxygen levels were monitored or if additional oxygen was provided to COPD patients during exercise to prevent hypoxia. Activity or mobility in critically ill patients may initiate hypoxia; hypoxia is a source of increased oxidants [94, 95] . Koechlin and colleagues [96] suggest that arterial oxygenation is key to reducing oxidative stress in patients who have COPD. In a sample of 10 subjects who had COPD, plasma levels of products of oxidative stress were increased significantly over similar products formed by seven controls at 6 hours after one episode of quadriceps endurance activity. Nonenzymatic antioxidants and inflammatory cytokine levels were unchanged by exercise immediately after and up to 48 hours after quadriceps endurance activity [97] . In this study, proinflammatory cytokines in plasma remained unchanged up to 6 hours after one episode of exercise. The authors concluded that local exercise-induced oxidant stress did not lead to increased systemic markers of inflammation over baseline in COPD patients or controls.
Disease processes other than HF and COPD have been used to investigate the effect of exercise on inflammatory markers. Three consecutive days of exercise in participants with sickle cell anemia, characterized by both chronic and acute inflammatory markers, did not affect serum IL-6 levels but decreased TNF-a in sickle cell patients on day 3 when compared with the first and second day of exercise [98] . In Parkinson's disease, patients who had evidence of baseline chronic inflammation performed cyclic exercise resulting in increased plasma IL-10 but unaltered IL-1b or IL-6. Concurrently, patients reported enhanced motor skills and improvement in mood [99] . In another study examining low levels of activity in the presence of an inflammatory disease, 93 patients with rheumatoid arthritis were randomized to either a rehabilitation or control group. The rehabilitation group experienced increased quadriceps sensorimotor function and decreased lower limb disability without exacerbating pain or disease activity. Specifically, IL-6 did not increase immediately after the first period of physical training, mid-way through the fourth week intervention, or at the end of the intervention when compared with the nonintervention group. Results (including unaltered serum IL-6 levels) were sustained at a 6-month follow-up after completion of rehabilitation activities [100] . In this study, decrements of IL-6 were not evaluated, but a report of baseline values of 37 pg/mL at rest compared with 27 pg/mL after rehabilitative activity suggests a decreasing value.
These studies seem to indicate activity modulates proinflammatory processes and/or does not exacerbate inflammatory molecules in the presence of underlying systemic disease. The exception may be the presence of a transient increase in oxidative products during and immediately after strenuous activity. Avoiding hypoxia and fatiguing repetitions appears to be important to minimizing the synthesis of inflammatory molecules, especially ROS. Further, mild stretch (rather than extreme stretch) that is common in active and passive range-of-motion activity may improve inflammatory disequilibrium. Most studies reviewed in this section used moderate-to-strenuous levels of exercise without adverse systemic effect. Exercise activities have beneficial effects in terms of muscle strength, endurance, and overall function in various inflammatory diseases [61, 101] .
In the ICU, low levels of activity and mobility therapy could be implemented for selected patients. Low levels of activity have the potential to interrupt myopathy directly. Activity in ICU patients also may improve capillary dynamics, reducing the synthesis and distribution of proinflammatory messengers. For example, venous stasis allows local oxidants and cytokines to accumulate, with the potential for spillover into systemic circulation and effects [102] . Intermittent mobility therapy and active range of motion may increase both NO formation and pulsatile blood flow in vasodilated vessels, diluting local accumulation of proinflammatory factors such that a critical mass inducing systemic affects does not occur. Even the briefest interventions from repositioning and passive range of motion may reduce capillary compression and local low-flow states. Further investigation is needed to determine if activity and mobility therapy could influence the functional outcomes of critically ill patients positively without exacerbating inflammatory processes. Determining the dose of activitydfrequency, duration, and intensitydmay be guided by using inflammatory biomarkers such as ROS and cytokines.
Summary
It is common for patients in the ICU to experience bed rest, sometimes for prolonged periods. Bed rest may be a natural consequence of illness and beneficial for recovery. Inactivity, however, especially during prolonged illness, contributes to muscle loss and decrements in functional status. Bed rest among ICU patients has had limited investigation. The duration and body positions that produce optimal outcomes related to a prescription of bed rest are not known. The mode, duration, and frequency of activity have not been investigated adequately among patients in the ICU. Examining the effects on cytokines or ROS after low-to-moderate activity in critically ill subjects may be one way to guide the dose of bed rest or prescribe therapeutic mobility in the ICU. Examination of the role of cytokines and oxidants may help explain the early, adverse effects of bed rest and provide information as biomarkers that guide activity during critical illness. Understanding how and when to implement bed rest and activity has potential to improve outcomes for ICU patients.
